ABSTRACT. Calculation procedures are developed and results shown for the exact calculation of extinction and meteorological visual range using the blowing-snow mass in (3) For typical blowing-snow particle-size distributions, the shape parameter of the distribution of particle radii and the mean particle radius are very important in broad-band extinction and visual-range modelling. Estimates of blowing snow quantities from broad-band extinction measurements or visual range from blowing-snow quantities should address the shape and mean value of the snow-particle radius distribution.
parallel radiation, and specifies that twice the radiant flux which intercepts the particle is actually extinguished. Errors may accrue from assuming this constant efficiency of extinction if small blowing-snow particles or wavelengths longer than the visible range are considered. Scattering is based on spherical particles in these approximations without addressing errors due to irregularity in particle shape. The applciations which attempt to relate the drift density (cumulative mass) to the cumulative cross-sectional area of the particles (Landon-Smith and Wood berry, 1965; Budd and others, 1966; Melior, 1966; Seagraves, 1981) assume a uniform distribution of particle sizes and spherical particles.
The work of Schmidt (1979) and Tabler (1979 Tabler ( , 1984 relates the number of particles detected crossing a narrow beam of light to visual range, assuming spherical, non-absorbing particles of uniform size. Since distributions of blowing-snow particle sizes are often irregular and skewed (Budd, 1966; Schmidt, 1981) , errors may accrue from assuming the mean particle mass (r 3 P i ) or radius (r) corresponds to the mean particle cross-sectional area (r 2 ).
Approaches which try to relate drift density or the number of particles to extinction should be cognizant of the magnitude of errors by: (I) Irregular particle shape.
(2) Variable extinction efficiency.
(3) Irregular distribution of blowing-snow particle sizes.
In this paper, models are presented which describe the radiation-exting uishing characteristics of blowing-snow particles in the short-wave spectrum by applying Mie's electromagnetic scattering theory (Mie, 1908 ; as presented by van de Hulst (1957» for the case where forward scattering of radiation is neglected. Mie theory calculations are more accurate but much more difficult than geometrical optics approximations. The differences in the results of the two calculation procedures are discussed for cases of single particles in both monochromatic and broad-band radiation, and for ensembles of particles, so that situations where the less time-consuming geometrical optics approximations are appropriate can be defined. The implications of Mie scattering are discussed in the context of selecting wave lengths for optical snow-particle counters and relating blowing-snow drift density, and the distribution of particle radii to the transmission of radiation and the meteorological visual range.
PROPERTIES OF BLOWING SNOW
Blowing snow is defined as surface snow which has been entrained and is being transported by the wind. 1952) , Budd (1966) 
where f(r) is the relative frequency of a particle of radius r, ex is the distribution shape parameter, /3 is the scale parameter, and r denotes a gamma function. The particle radius is defined as the radius of a sphere of equivalent volume to that of the snow particle. The parameters ex and /3 are also defined in terms of the mean particle radius r (Haan, 1977) where
The value of ex is approximately 5 for saltating snow. It increases to between 10 and 15 at a height of 2 m. The mean particle radius decreases with height, typical values being 100/Lm near the surface and 40/Lm at 2 m. The degree of turbulence in the wind can cause both ex and r to vary at a given height.
APPROXIMA TING BLOWING SNOW AS ICE SPHERES
Blowing-snow particles are usually metamorphosed frag ments of the surface snow-pack. The particles are initially shattered from the snow-pack by the impact of already entrained particles and are then abraded by further impacts during saltation. Suspended particles are derived from saltating particles which are small enough to diffuse vertically. During suspended transport, the rate of sublimation is enhanced due to high particle ventilation rates (Schmidt, 1982) . This process further rounds and smooths the particles. Figure 1 is a photograph of blowing-snow particles sampled at a height of I m above the snow-pack and shows the metamorphosed state of these fragments. A typical shape is slightly oblong and occasionally irregular with smooth edges (Schmidt (1981) has noted this as well). Schmidt (1984) can also be applied to problems of modelling visibility in blowing snow.
Individual particles, monochromatic radiation
The transmittance of radiation intercepted by a single particle is the ratio of the radiation transmitted in a forward direction after scattering and absorption by the particle to the radiation which would have been transmitted without interception by the particle. In this paper, all radiation scattered and absorbed is considered unavailable for transmission in a forward direction, i.e. no scattered radiation is detected. This is common where the angle between the particle centre and detector diameter is very small.
The extinction efficiency Q ext is the ratio of the radiant flux scattered and absorbed by a particle to that which actually intercepts the particle surface (dimensionless). The variation of the extinction efficiency with the particle radius and incident wavelength must be defined to determine the transmittance associated with a particular particle. In geometrical optics, Q ex t is considered equal to 2.0. This implies a quantity of radiation equal to that intercepting the particle surface is extinguished via refraction, reflection, and absorption, and an equal amount by Fraunhoffer diffraction by the particle edge. This approximation is only valid for particles which are large with respect to the incident wavelength. For smaller particles, the extinction efficiency varies substantially and is a function of the particle-scattering parameter x = 2TIr/l.. and the complex index of refraction. As some blowing-snow particle sizes lie within the range where the extinction efficiency becomes variable, it is of interest to examine the more precise Mie theory predictions of Qext. Mie (1908) employed electromagnetic theory to describe rigorously the To illustrate precisely where unacceptable differences exist between the geometrical optics extinction efficiency, Q ext = 2.0, and the Mie theory predictions, Table I indicates the smallest snow-particle radii for which differences of less than 1-5% occur for various monochromatic wavelengths.
Particles smaller than the radii listed can result in differ ences exceeding the stated limit. When variations from the geometrical optics extinction efficiency of 2.0 exceed 5%, the wave pattern in Qext makes relating the extinction by an individual particle to its radius extremely difficult, even with Mie theory calculations. An irregularity in particle shape will offset the wave pattern in Qext' compounding the difficulties. For differences less than 5%, calibration of a snow-particle detector using Mie theory approximations is appropriate if the errors in using geometrical optics are tolerable. An example of the application of Table I is: if the designer of a monochromatic optical particle detector has set an error tolerance of 3% in his theoretical calibration, and wishes to estimate the size of particles with radii as small as 20 j.Lm, he can use the 300 nm with geo metrical optics but not the 600 nm wavelength. If the designer is willing to calibrate the device with Mie theory approximations he can use the 600 nm wavelength but will exceed the 5% limit and enter essentially unpredictable ranges of Q ex t for the 1.06 and 2 j.Lm wavelengths.
Individual particles. broad-band radiation
When radiation possessing a range of wavelengths is transmitted, the wave patterns shown in Figure 2 average Pomeroy alld Male: Optical properties of blowing snow for radiation possessing a range of wavelengths, errors of a notable magnitude can occur when approximating the extinction efficiency of a single blowing-snow particle with the geometrical optics value. Thus, the total radiation extinction by a single particle is not necessarily uniquely associated with a particular radius.
Designers of optical particle counters should be aware of the variation of the extinction efficiency when selecting wavelength and band width of radiation, and in interpreting measurements by these devices. For broad-band radiation as calculated in this section, there are still ranges of particle size and wavelength where the errors of using geometrical optics may exceed the design limits of snow-particle detectors. A significant advantage of broad-band radiation is that for mean wavelengths less than 2 j.Lm, the extinction efficiency can be predicted for a particle radius. For these wavelengths, selection of the calculation procedure for calibration and the central wavelength to be employed can be based entirely on the acceptable level of error for gauge calibration. For the example of the particle-detector design in the last section, a further option is to use broad-band radiation and the appropriate central wavelength as chosen using Table 11 .
Ensemble of particles. broad-band radiation
The electromagnetic transmittance through an ensemble of randomly located particles is the ratio of the radiant flux 
In this application, the small particles are particles of blowing snow, the mixture is composed of snow and air, and the length of transmission refers to distance of trans mission through the atmosphere.
The extinction coefficient is the relative radiant flux which is scattered and absorbed per unit volume of the medium and has units of rl. All radiation scattered and absorbed is considered unavailable for transmission in its original direction. The extinction coefficient is a property of blowing snow and can be derived from the optical effects of individual snow particles if a quantity of blowing snow can be described in terms of these particles. Thus, for a non-uniform distribution of particle sizes,
In Equation (4), N is the number of snow particles per unit volume of atmosphere, and Q ext (r,).) denotes the particle extinction efficiency, a function of particle radius and incident wavelength.
The extinction coefficient can be expressed in terms of the drift density, the particle-size distribution, and extinction efficiency by the following substitution. The drift density P d is defined as (5) where P is the density of blowing-snow particles, considered' equivalent to that of ice. Solving Equation (5) for N and substituting this into Equation (4) yields
Including the gamma distribution (Equation (I» to describe the frequency of particle radii, and integrating where possible over the particle radius, results in the expression
Thus, the extinction coefficient is a function of P d ' ex, 13, and )..
Equations (6) a;,;/ (7) assume that the radius of a sphere of cross-sec -.onal area equal to that of a blowing-snow particle is equal to the radius of an ice sphere of mass equal to that of the particle. This approxim ation presumes blowing-snow particles possessing spherical shapes and densities very near that of ice. Such an approximation has proven adequate for falling-snow optical modelling (Seagraves, 1984) . Until further data become available on shape factors and densities of blowing-snow Pomeroy alld Male: Optical properties of blowing SIlOW particles, correction factors cannot be confidently specified for Equations (6) and (7).
As the extinction efficiency varies within the range of Budd (1966) and Schmidt (1982) suggests that a gamma distribution with an ex ranging from 5 to 15 is a suitable mathematical description of the suspended blowing snow particle-radius distribution. With ex fixed, the mean particle radius can be used to find the 13 parameter (see Equation (2». Thus, the gamma distribution can be specified by r and ex. The blowing-snow extinction co efficient for ex equal to 5, 10, and 15, mean particle radii equal to 40 and 90 /Lm, and a variety of wavelengths has been calculated as a function of the drift density and is shown in Figure 4 . The size distributions of snow particles correspond to conditions commonly found in the suspended transport layer of blowing snow below a height of 3 m.
Variation in wavelength from ultra-violet (300 nm) to infra-red (2 /Lm) results in an extinction-coefficient variation of 2.6%. This variation is so small that on the scale of sources of differing luminance is reduced (scattering) along with a reduction in illuminance (absorption). The reduction of contrast limits the distance from which objects can be distinguished.
. 5000 :: Extinction is calculated using Mie theory for a gamma distribution of particle radii ex of ---5, ---la, alld -. -. 15; r of 40 and 90 /Lm; and wavelengths from 30 0 nm to 2.0 /Lm. Data for the range of wavelengths are not readily distinguished from one another at this scale.
The meteorological visual range V is a frequently and extensively measured variable; as such it is a useful index for other blowing-snow properties.
V is the maximum distance at which the apparent contrast between a black object and its white background is 2% of its inherent contrast. For meteorological measurements, this is considered to be the distance which a person with good vision can distinguish a black object occupying a 10 solid angle with his eye. The visual range can be defined in terms of the extinction of light using Koschmieder's relationship, an inverse linear function of the extinction coefficient (Middleton, 1952) where:
in which V is in metres when jLv i .' the extinction coefficient for visible light (mean >.. = 600 nm), has units of l/m. The extinction coefficient for a fixed quantity of blowing snow does not vary substantially over the optical wavelengths. It is therefore possible to develop Equations (7) and (8) The mean visual extinction efficiency Q ext is calculated by integrating the extinction efficiency at a wavelength of 600 nm over various particle-size distributions. Table III shows the mean visual extinction efficiency calculated using the Mie approximation for a particle-radius distribution a parameter of 10 and a range of mean particle radii (note , = a x /3). The striking aspect of these results is the limited variation in the extinction efficiency for typical non-uniform distributions of blowing-snow particle sizes.
For a specific particle-size distribution Q ext is a constant and can be calculated as a function of the mean particle radius if the shape parameter of the radius distribution is estimated. A regression analysis on the results in Table III yields a simple, approximate relationship between the mean particle radius , and the mean extinction efficiency Q ext at a wavelength of 600 nm and a radius distribution a of 10,
and the coefficient of determination is 0.99.
Using the results of Equation (9) or the geometrical optics approximation of 2.0, Equation (7) can now be fully integrated, combined with Equation (8), and expressed in terms of the visual range, drift density, and mean particle radius, where (7) and (8) and that calculated using Equation (10) is less than 0.3%, the differ ence due to the approximation usi EL Equation (9) which assumes a = 10 when calculating Q ext . Use of the geo metrical optics approximation of 2.0 for the extinction efficiency results in an added error which varies from 1 % for a , of 90 jLm to 2% for a , of 30 jLm.
The meteorological visual range in blowing snow has been calculated using Equation (10) and for precision, Equation (9), for a = 10 and a variety of mean particle radii and drift densities. The results are shown in Figure 5 . (1966) . Their measurements are also plotted in Figure 5 and corres pond to the theoretical predictions for a mean particle radius of about 40 jLm. Melior (1965) noted that the mean particle radius of blowing-snow particles at visual height (2 m) during the experiments of Budd and others is 44 jLm.
DISCUSSION
Appreciable variation in the extinction efficiency of monochromatic radiation is manifest by individual blowing snow particles of small size. For example, the extinction efficiency for blowing-snow particles in near-infra-red radiation varies irregularly over a range of about 5% for particles of less than 40 /Lm and about 10% for particles of less than 15 jLm radius (see Fig. 2d ). Shorter wavelengths exhibit an irregular variation in the extinction efficiency of a lesser magnitude. This effect must severely limit the accuracy of size estimates made from the transmittance of monochromatic infra-red radiation. For the full range of blowing-snow particle sizes (down to 20 or 30 jLm radius), the amplitude of the extinction efficiency for mono chromatic radiation limits the accurate interpretation of extinction measurements to those using wavelengths of less than 1.06 jLm. Monochromatic radiation measurements inter preted using geometrical optics should be limited to wave lengths less than 600 nm, though particle sizes typical of saltating snow permit use of the full visible band.
For radiation possessing a range of wavelengths, errors of an appreciable magnitude can occur when approximating the extinction efficiency of a single blowing-snow particle by geometrical optics. However, the errors are less than those for monochromatic radiation. These effects are most pronounced for small blowing-snow particles and long wave lengths. In an example using near-infra-red radiation (mean ),. = 1.06 jLm), the smallest snow-particle radius for which errors in applying geometrical optics are less than 5% is 32 jLm for monochromatic radiation; for broad-band radiation the corresponding particle radius is 16 jLm. A particle detector using visible light calibrated with geometrical optics experiences errors of less than 5% for particle radii down to 9 jLm. However, the limiting radius for errors of less than 2% is 31 jLm. As a typical mean blowing-snow particle radius at 2 m height is 40 jLm, it is a matter of judgement based on the detector application whether use of the Mie theory calibration is justified. Obviously, for many particle sizes and wavelengths the geometrical optics approximation is sufficiently accurate for measurement applications.
However, designers and operators of particle detectors using broad-band radiation should consider using Mie extinction values to calibrate the instruments for particle sizes and wavelengths where Pomeroy and Male: Optical properties of blowing snow and operators of particle detectors using broad-band radiation should consider using Mie calculations to calibrate the instruments for wavelengths in the infra-red band.
For typical blowing-snow particle-size distributions, use of the geometrical optics approximations in broad-band extinction and visual range calculations exhibits sufficient accuracy for most applications. The alpha (shape) parameter and the beta parameter (scale parameter or its surrogate, the mean particle radius) of the gamma-distribution of particle radii are very important in broad-band extinction and visual range modelling. Applications which estimate blowing-snow quanlitles from broad-band extinction measurements or estimate visual range from blowing-snow quantities should address the shape and mean value of the snow-particle radius distribution.
